Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is a devastating illness that causes substantial morbidity and mortality. Sympathetic nervous system hyperactivity is common after SAH, and typically manifests as hypertension with sinus tachycardia [1] [2] [3] [4] . The catecholamine surge that occurs after SAH has been linked to neurogenic cardiac injury, which can result in ECG abnormalities [5] , cardiac troponin elevations [6] , reduced left ventricular performance [7] , pulmonary edema [8] , atrial fibrillation/ flutter [9] , sinus tachycardia [3] , and stunned myocardium and frank cardiogenic shock [10] . Several studies have documented a link between sympathetic activation, evidence of cardiac injury, and poor outcome after SAH [2, 4, [11] [12] [13] .
Prolonged heart rate elevation has been shown to be a risk factor for major cardiac events among cardiothoracic ICU patients [14] , whereas prophylactic beta-blockade reduces the frequency of myocardial infarction in high-risk patients undergoing surgical procedures [15] . Agents that exclusively reduce cardiac afterload, such as nicardipine, sodium nitroprusside, and hydralazine, are commonly used to control blood pressure during the acute phase of SAH when the risk of aneurysm rebleeding is greatest [16] . In this study, we sought to explore the potential rationale for sympatholytic therapy directed at heart rate control as a strategy to reduce complications and improve outcome after SAH by determining whether prolonged heart rate elevation (PEHR) during the pre-and post-operative period is associated with major adverse cardiac events or 3-month death or disability.
Methods

Study Population
We prospectively enrolled 512 consecutive SAH patients into the Columbia University SAH Outcomes Project between March 2006 and April 2012. The present analysis included 447 patients, excluding 65 patients either because of technical failures or late admission (after SAH day 2) to our ICU. The study was approved by the Columbia University Medical Center Institutional Review Board; in all cases written informed consent was obtained from the patient or a surrogate. The diagnosis of SAH was established by admission (CT) or by xanthochromia of cerebrospinal fluid if the initial CT scan was nondiagnostic. Patients with secondary SAH related to trauma, rupture of an AVM, or other causes and age <18 years were not enrolled in the study.
Clinical Management
Clinical management conformed to American Heart Association guidelines [16] . All patients underwent serial ECG on admission. Cardiac troponin I (cTI) testing was performed on admission and thereafter when clinically indicated (e.g., ECG changes, cardiovascular instability, or during induced hypertension). All patients received oral nimodipine and intravenous hydration with 0.9 % saline with supplemental fluids as needed to maintain equal fluid balance and a normal central venous pressure (5-10 mmHg). Hypertensive hypervolemic therapy (HHT) was initiated for symptomatic vasospasm or when severe angiographic vasospasm was diagnosed in poor grade patients by increasing systolic blood pressure (SBP) from 180 to 220 mmHg [17] .
Data Collection
We recorded demographics, past medical history, baseline clinical status, imaging results, as well as treatment and complications during hospitalization as described previously [18] . Hourly heart rate (HR) data was queried from the electronic health record. As defined by prior studies [14, 19] , patients with documented HR of >95 beats/min for >12 h in any 24-hour period were categorized into the PEHR group. Delayed cerebral ischemia (DCI) from cerebral vasospasm was defined as (1) clinical deterioration (i.e., a new focal deficit, decrease in level of consciousness, or both), and/or (2) a new infarct on CT that was not visible on the admission or immediate postoperative scan, when the cause was thought by the research team to be vasospasm [19] . Major adverse cardiopulmonary events and their date of onset were prospectively adjudicated in weekly meetings of the clinical team. Pulmonary edema was defined as radiographic evidence of perihilar infiltrates and an increased arterial-alveolar gradient with appropriate clinical signs and symptoms. Hypotension was defined as SBP < 90 mmHg treated with vasopressors. Myocardial injury was defined as an abnormal troponin elevation (>0.4 lg/l). Cardiac arrest was defined as spontaneous pulselessness due to failure of the heart to contract effectively, excluding cases where the arrest comes as a consequence of withdrawal of care.
Outcome Assessment
Global outcome at 3-months was assessed with a 7-point version of the modified Rankin Scale (mRS) rated from death (6) to symptom-free full recovery (0) [20] . Poor outcome was defined as death or moderate-to-severe disability (unable to walk or tend to bodily needs, mRS score 4-6).
Statistical Analysis
Data analyses were performed with R statistical software (R, version 2.12.2, R Project). P B 0.05 were considered significant. Logistic regression was used to identify admission predictors of PEHR using candidate variables with univariate associations P < 0.25. Tests for interactions were performed for all significant variables retained in baseline multifactorial models. Survival rates of PEHR calculated using the Kaplan-Meier method were expressed as a percentage surviving 50 days. The log rank test was used to test the difference between survival curves. Cox regression was used to calculate hazard ratios and 95 % confidence intervals for risk factors. Time-dependent covariates were used to assess the temporal relationship of PEHR to specific cardiopulmonary complications. Logistic regression was used to test the relationship of PEHR to 3-month outcome using known predictors of poor outcome [18] as covariates. In accordance with PCORI methodological guidelines [21] we performed multiple imputation using Bayesian methods [22] to account for 3-month modified Rankin Scores lost to follow-up. Procedures to create and analyze five imputed datasets were carried out using the 'mi' package [23] for R. Diagnostic plots were used to evaluate the fit of the imputed values produced by the marginal model.
Results
Study Population
Overall 39 % (N = 175) of patients experienced PEHR during their hospitalization. Patients with PEHR were more likely to be nonwhite but otherwise had similar demographics and past medical histories (Table 1) . PEHR patients had significantly longer and more complicated ICU stays, requiring more mechanical ventilation and continuous sedation ( Table 2 ). The onset of PEHR occurred within 72 h of SAH in 42 % (N = 74) of affected patients ( Fig. 1) . A secondary peak of PEHR onset between SAH day 3 and 10 occurred in 36 % (N = 63) of patients.
Predictors of PEHR
PEHR patients had a significantly higher mean heart rate (86 ± 18 bpm) during the first 72 h after SAH compared to non-PEHR patients (74 ± 14 bpm, P < 0.001; Fig. 2 ). Multifactorial logistic regression revealed that nonwhite race/ethnicity (OR 3.1, 95 % CI 1.9-4.9, P < 0.001), admission Hunt-Hess grade C4 (OR 2.9, 95 % CI 1.8-4.9, P < 0.001), elevated admission APACHE-2 physiological subscore (OR 1.07, 95 % CI 1.02-1.1, P = 0.012), and modified Fisher score (OR 1.3, 95 % CI 1.07-1.6, P = 0.008) were associated with an increased risk of PEHR, whereas documented pre-hospital beta-blocker use (OR 0.3, 95 % CI 0.2-0.7, P = 0.002) was protective. Aneurysm clipping procedure was also significantly associated with PEHR when added to this model (OR 2.4 95 % CI 1.5-3.8, P < 0.001).
Delayed Cerebral Ischemia from Cerebral Vasospasm PEHR was associated with an increased risk of DCI from cerebral vasospasm (Table 3 ). Of the 56 PEHR patients that developed DCI, 18 (32 %) had early PEHR (<72 h after SAH onset) and 38 (68 %) had late-onset PEHR (C72 h after SAH onset). Multifactorial logistic regression revealed that after controlling for Hunt and Hess grade (OR 0.4, 95 % CI 0.23-0.71, P = 0.002) and inotropic support (OR 63, 95 % CI 14-265, P < 0.001), DCI was associated with late-onset PEHR (OR 2.6, 95 % CI 1.4-4.9, P = 0.003) but not early-onset PEHR (OR 1.5, 95 % CI 0.7-3.0, P = 0.3). A Cox regression model using timelagged covariates was generated to evaluate the precise timing of the PEHR onset to DCI onset. The risk of DCI was more than twofold in patients having PEHR onset in previous 2 days (HR 2.4, 95 % CI 1.2-4.9, P = 0.011), after controlling for Hunt and Hess Grade (HR 1.6, 95 % CI 0.7-3.5, P = 0.2), inotropic support (HR 14.1, 95 % CI 7.7-25, P < 0.001), and their two-way interaction (HR 0.22, 95 % CI 0.8-0.57, P = 0.002). The risk of DCI was not significantly associated with PEHR occurrence on or in the days following DCI onset.
Cardiopulmonary Complications
PEHR was associated with an increased risk of hypertension, hypotension, pulmonary edema, myocardial injury, but not with arrhythmia or in-hospital cardiac arrest (Table 3) . Significantly more PEHR patients sustained myocardial injury (17 % overall, mean peak troponin I level 4.4 ± 4.5 ng/dl) compared to non-PEHR patients (5 %, mean peak troponin I level 1.7 ± 1.6 ng/dl). The majority of myocardial injury events (81 %) occurred within 48 h of admission. Of the remaining twelve myocardial injury events that occurred after 48 h, ten were in the PEHR group and eight of these met criteria for PEHR an average of 23 h before myocardial injury was documented. In order to evaluate the timing of PEHR in relation to these cardiopulmonary complications Cox regression models using time-lagged covariates were generated (Table 4) . PEHR occurred more frequently over the 2 days preceding myocardial injury and pulmonary edema onset, and on the day of pulmonary edema and hypotension onset, compared to patients who did not develop these complications. These relationships were maintained even after censoring time periods when catecholamine support was administered.
Three-Month Outcome
We imputed 3-month modified Rankin scores for 19 % (N = 85) of patients that were lost to follow-up. We found that 56 % of PEHR patients had died or were severely disabled at 3 months (mRS 4-6) compared to 26 % of those without PEHR (OR 3.7, 95 % CI 3.3, 4.2). In a multifactorial logistic regression model, PEHR was a significant predictor of 3-month morbidity and mortality after adjusting for age, admission Hunt-Hess grade, aneurysm size C 10 mm, APACHE-2 physiological subscore, pulmonary edema, infarction from cerebral vasospasm, fever, pneumonia, and congestive heart failure ( Table 5) . Excluding patients requiring CPR at SAH onset or ICU time periods when patients were given catecholamines for treatment of hypotension or DCI from vasospasm did not eliminate the significant relationship between PEHR to poor outcome. 
Discussion
In this study of 447 SAH patients, we found that *40 % of patients experienced PEHR at some point during their ICU stay. PEHR was associated with poor clinical grade and physiologic dysfunction assessed with APACHE-2 scores, and the risk was reduced in patients with pre-admission beta-blocker use. Late-onset PEHR was significantly associated with, and preceded the development of, DCI from vasospasm. PEHR was highly associated with adverse cardiopulmonary events, including hypertension and hypotension requiring vasoactive therapy, pulmonary edema, and myocardial injury evidenced by troponin elevation. PEHR was also associated with poor 3-month outcome after adjustment for established prognostic factors.
Our primary hypothesis was confirmed in that PEHR was significantly associated with an increased risk of major cardiopulmonary events and poor outcome. Catecholamine-mediated cardiac injury [10] and pulmonary edema [8] during the acute phase of SAH is well described, but whether SAH patients remain vulnerable to sympathetically-mediated myocardial injury over time remains unanswered. PEHR had a biphasic distribution of onset in our study, with *40 % of initial episodes occurring within 72 h of SAH onset and 40 % occurring in delayed fashion between SAH days 3 and 10. Studies in high-risk critically ill patients [14] and post-operative patients [24] have reported that heart rate elevations occur in 90 % or more of the patients before adverse cardiac events occur. Our results from time-lagged Cox regression analyses suggest that PEHR tended to precede the onset of myocardial injury (troponin elevation) and pulmonary edema, and occur on the same day as pulmonary edema and hypotension. These Fig. 2 Heart rate of PEHR patients compared to non-PEHR patients in the first 72 h after admission relationships were maintained even after censoring time periods when catecholamine support was administered, suggesting that these relationships cannot be fully explained by use of adrenergic agents in sicker patients. The precise mechanism and causal pathways of how PEHR relates to myocardial injury and poor outcome remain difficult to unravel. SAH is unique in that the primary bleeding event triggers a powerful neurogenic catecholamine surge. The inflammatory response observed after SAH often results in elevated heart rate and systemic inflammatory response syndrome, which has been shown to be associated with the development of delayed cerebral ischemia [25] . There are myriad other causes of sinus tachycardia in critically ill patients, however, including but not limited to pain, agitation, hypovolemia, infection, fever and systemic inflammation, or vasoactive therapy with vasodilators or vasopressors. In critically ill patients multiple potential causes may coexist, making it difficult or impossible to pinpoint a precise cause. The risk of DCI onset in association with PEHR was demonstrated to occur only when PEHR preceded DCI, making it less likely that late-onset PEHR was a side effect of treatment interventions for DCI. We suspect that early PEHR (<72 h after SAH onset) is primarily driven by neurogenic sympathetic hyperactivity, whereas non-neurogenic causes (i.e., systemic inflammation, pain, infection) may contribute to many late-onset cases.
The sympathetic surge that occurs with SAH can directly cause myocardial injury during the acute phase of SAH [6] , both by precipitating demand ischemia when coronary perfusion demand exceeds supply, and by inducing myocardial contraction band necrosis. We hypothesize that PEHR is a readily identifiable and treatable biomarker of this catecholamine surge and systemic inflammation, reflecting both direct beta-1 receptor stimulation and the compensatory response of a weakened left ventricle. Our results show that PEHR is mitigated by preadmission beta-blocker use and is associated with poor outcome even after controlling for established predictors. This suggests that PEHR may be a modifiable pathological process that directly contributes to poor outcome, rather than a non-specific marker of injury severity.
Beta-blockade has been associated with improved outcomes after SAH [26, 27] and traumatic brain injury [28] , perhaps by reducing adrenergic feedback to the central nervous system [27] . Coghlan et al. [29] recently called for a reevaluation of therapeutic options to reduce heart rate in SAH patients after finding a relationship between tachycardia and poor outcome in the intraoperative hypothermia aneurysm surgery trial. Multicenter registry data suggest that a large proportion of patients receive agents for blood pressure control that preferentially reduce afterload, such as nicardipine, hydralazine, and sodium nitroprusside, during the acute phase of SAH [30] . The clinical relevance of PEHR can be established by prospective intervention studies specifically designed to evaluate early sympatholytic therapy directed at heart rate control as a strategy to reduce complications and improve outcome after SAH.
Our study is limited by its observational design and is potentially confounded by the use of catecholaminergic agents that might have caused PEHR, despite Multifactorial Cox regression models using time-lagged covariates were created to evaluate the timing of PEHR in relation to the calendar day of onset of myocardial injury (troponin elevation), pulmonary edema (characteristic clinical and radiographic findings with documented hypoxia), and hypotension (SBP < 90 mmHg treated with pressors), controlling for admission Hunt-Hess grade. Inotropic support in the previous 48 h did not significantly increase the hazard of these complications methodological and statistical attempts to address this concern. We have no data on the relative importance of the many different causes of PEHR in our subjects. Future studies would benefit by including direct measurements of catecholamine levels and inflammatory markers related to sympathetic activation [31] in order to help elucidate mechanistic pathways related to PEHR. Studies may also benefit from measuring autonomic nervous system integrity using provocative maneuvers that evaluate heart rate variability changes to deep breathing, valsalva maneuvers, cold stimulation, and norepinephrine challenge tests [32] .
Conclusions
PEHR is common after SAH, associated with poor outcome, and may contribute to the development of myocardial injury, and other serious cardiopulmonary complications. Studies evaluating the routine use of sympatholytic therapy using titratable beta-blocking agents to minimize myocardial demand and catecholamine-mediated injury during the acute phase of SAH are justified.
